Water is quantitatively the most important nutrient. In the past, medicinal interest was related to the most dramatic body water imbalances, that is, severe dehydration and water intoxication. There is increasing concern, however, that mild dehydration may also account for various morbidity rates. Nevertheless, water intake is frequently disregarded, as there is no universally accepted laboratory method to characterise the hydration status of individuals or groups of people, and water requirement varies depending on several factors (eg climate, physical activity, renal solute load). Both these factors make it difficult to set general Recommended Dietary Allowance values for water intake.
The Second International Conference on Hydration throughout Life, was therefore devoted to ''The Health Effects of Mild Dehydration''. Several recent findings attracted special attention in the lectures and discussions of the conference and the papers of this supplement. Furthermore, agreement has been reached with regard to the following statements and conclusions.
In the last decade, important progresses in fundamental and applied sciences on water physiology were obtained in vitro and in vivo. It is the case for membrane transport and the physiological role and control of the homeostatic regulation of water balance.
Water diffusion through membranes is not a simple physicochemical process, but is modulated by ubiquitous specific transport proteins of the aquaporin family (Kozono et al, 2002) . Recently, cellular water transport systems have been described (Loo et al, 2002 ). An intracellular characteristic of all cells is the high total concentration of macromolecules. Such media are termed crowded rather than concentrated, because, in general, no single macromolecular species occurs at high concentrations, but, taken together, the macromolecules occupy a significant fraction (typically 20-30%) of total volume. Reaction rates and equilibria under conditions of macromolecular crowding are many times different to that of in vitro solutions, in which crowding is negligible, with a total macromolecular concentration of 0.1-1.0 g/100 ml or less (Ellis, 2001 ). Changes of osmolality may, therefore, exert profound quantitative effects on macromolecular interactions in cells.
Water physically bound to macromolecules (eg glycogen synthesis; Olsson & Saltin, 1970) or fixed by osmolytes (eg sodium in the extracellular space or organic osmolytes in cells; Bauernschmitt & Kinne, 1993) can be interpreted as functional third space water stores inaccessible for the acute regulation of functional water volume. Food and water intake resulting in an exclusive expansion of these stores increases total body water content without affecting plasma tonicity, serum ADH concentration or diuresis. The cell volume is a key factor of paramount importance in the regulation of cell function. Acute hyperhydration resulting in a partly compensated cell volume expansion decreases protein catabolism and insulin sensitivity, and increases lipolysis and lipid oxidation (Keller, pp. S69-S74y.;Ritz, pp. S2-S5).
In an extracellular milieu of varying tonicity, adjustment of the activity of different aquaporin water transport proteins and modification of intracellular balance of various osmolytes are effective tools to control cell volume. In distal tubular cells of the kidney, an acute increase in urine osmolality only marginally affects cell volume and total water content. In the cerebrum, cell volume transiently decreases. In muscle and red blood cells, however, an increasing plasma osmolality will result in cellular shrinkage and loss of total cell water (Neufer et al, 1991) . A stepwise change in sodium intake will be followed by a change in sodium excretion, leading to a new steady-state value with a half-time of 21 h. The half-time of renal water excretion is about 100 min (Walser, 1985) . Thus, when viewed in this light, functional water volume is defended to a greater extent than either the exchangeable sodium or potassium pool. The term dehydration (rehydration) refers to an acute process of loss (gain) of total body water. In a subject, maximum and minimum urine osmolality define the range of euhydration. Hypohydration (hyperhydration) is referred to a status with maximum (minimum) urine osmolality. Many indices have been investigated to establish their potential as markers of hydration status. Body mass changes, blood indices, urine indices and bioelectrical impedance analysis have been the most widely investigated, and the current evidence and opinion tends to favour urine indices, and particular urine osmolality (Shirreffs, pp. S6-S9). Functional water volume may quantify postabsorption hydration status and free water reserve 24-h hydration status (Manz et al, 2002; Kampmann et al, 2003) . Accepting mean À2s.d. value of maximum urine osmolality as physiologic criterion of the upper limit of euhydration, adequate intake values of water intake European Journal of Clinical Nutrition (2003) 57, Suppl 2, S96-S100 & 2003 Nature Publishing Group All rights reserved 0954-3007/03 $25.00 www.nature.com/ejcn (ml/24 h) (ensuring euhydration in 97% of the subjects) can be calculated (Manz et al, 2002) . After a long strenuous physical activity, subjects usually stop spontaneous exclusive water intake as soon as the deficit of functional water volume is balanced, that is, long before the initial total body water volume and body weight is regained. The difference between initial and actual body weight is called 'involuntary dehydration' (Pitts et al, 1944) . The replenishment of the depleted glycogen bound and sodium fixed water pools presumes additional intake of glucose or gluconeogenic substrates and sodium chloride, for example, by special drinks or a meal (Kampmann et al, 2003) . The conference focused on the 'health effects of mild dehydration'. Ethical concerns do not allow the study of the effects of mild dehydration on health in prospective randomised controlled intervention studies. However, health benefits or risks of an additional water intake in hypoor euhydrated subjects can be studied in epidemiological studies, allowing the topic of the conference to be studied in an indirect way.
The following findings hint at differences in the hydration status and its possible clinical significance.
In hominid evolution, thermoregulatory selection pressures probably had a major influence on stature and body form. Four of the major physical characteristics distinguishing modern human from their hominoid ancestors (bipedalism, loss of functional body hair, increase of body size, more linear physique) reduced thermal stress and total daytime drinking water requirement in an open equatorial environment (Wheeler, 1993) . After reviewing the physiologic data of maximum and minimum urine osmolality and observed data of 24 h urine osmolality in different life stage groups and populations all over the world, remarkable individual, ontogenetic and cultural differences of hydration status were identified (Manz, pp. S10-S18). Available evidence indicates the increased susceptibility of children and older adults to dehydration and the resulting complications. In children, the more inefficient thermoregulation results in an earlier and more pronounced impairment of physical performance (Bar-Or, 1983) . In seniors, cognitive performance is especially prone to acute dehydration (Wilson & Morley, pp. S24-S29).
Health effects of dehydration and extracellular volume contraction (sodium loss) must be classified according to the health status of the patient. Children with cystic fibrosis drink much less after a physical activity in the heat than healthy children and, therefore, are much more prone to heat injury. Both groups have a similar loss of total body water (Bar-Or et al, 1992) . Due to the high sodium content of sweat in the range of plasma sodium concentration, children with cystic fibrosis show a much higher extracellular volume contraction and almost no decrease of functional water volume and, therefore, have no stimulus to drink. The intake of water-rich food may affect satiety. Consumption of foods with a high water content (eg chicken rice soup) decreased subsequent energy intake more effectively than an iso-energetic intake of a more solid food (eg chicken rice casserole) with a glass of drinking water (Rolls et al, 1999) .
The strength of evidence of several acute effects of mild dehydration on health and disease was discussed and categorised as follows (Table 1) .
In sports, even modest levels of hypohydration clearly impair the physical performance capacity. Muscle strength appears to be relatively unaffected. There is some evidence that short periods of fluid restriction lead to an impairment of cognitive function, reductions in the subjective perception of Green and Britton (1998) , highest category within categories I-III. Evidence from (Ia) meta-analysis of randomised controlled trials, (Ib) at least one randomised controlled trial. II-Evidence from at least one (IIa) controlled study without randomisation or (IIb) other type of less strictly controlled -experimental study. III-Evidence from epidemiological (comparative, association and case-control) studies. IV-Evidence from expert committee reports or opinions or clinical experience of respected authorities, or both.
alertness and ability to concentrate and to increases in selfreported tiredness and headache (Maughan, pp. S19-S23). Dehydration in older adults has been shown to be a reliable predictor of increasing frailty, progressive deterioration in cognitive function and an overall reduction in the quality of life (Wilson & Morley, pp. S24-S29).
In pregnant women, the set point of vasopressin secretion is shifted to plasma osmolality levels which are about 10 mosm/kg lower than in nonpregnant women (Hytten & Robertson, 1971) . Plasma osmolality of the fetus is consistently lower by 3-5 mosm/kg (Schreyer et al, 1990) . In pregnant women with oligohydramnios, an additional water intake appeared to increase the amniotic fluid volume (Kilpatrick, 1997) . Increasing fluid administration for nulliparous women in labour above rates commonly used is associated with a lower frequency of prolonged labour and possibly less need for oxytocin (Garite et al, 2000) . The effects of changes of hydration status and extracellular volume have, however, not been distinguished.
In the following disorders, there is varying strength of evidence of long-term effects of mild dehydration (Table 2) .
Mild dehydration and the consequent hypertonicity of the extracellular fluid induce an increase in vasopressin secretion, thus stimulating urine concentration processes. Animal and human studies show that sustained high levels of vasopressin induce morphological and functional changes in the kidney, and particularly an increase in glomerular fltration rate and an impaired renal sodium excretion. These changes could be risk factors at early stages in chronic renal failure, diabetic nephropathy and salt-sensitive hypertension (Bouby & Fernandes, . In patients with chronic renal insufficiency, an excess fluid intake resulting in 24-h urine osmolality below a plasma osmolality of 285 mosm/kg may accelerate the decline of glomerular filtration rate, especially in patients with polycystic kidney disease (Hebert et al, 2003) . In animal studies, the optimum fluid intake to slow progression of experimental renal disease is an intake that produces a Uosm-Posm ratio slightly greater than 1.0 (Bankir & Trinh-TrangTan, 2000) . A sufficient intake of fluids is one of the most important preventive measures for stone recurrence (Siener & Hesse, pp. S47-S51). Urinary stone formers benefit from high fluid intake and sufficient urine dilution by a decreased urine saturation, and an increased limit of metastability of lithogenous salts, resulting in a reduced propensity for crystallization. Depending on stone composition, appropriate changes of urine composition are achieved with different types of fluids. Up to now, no definite evidence has been found to show that the susceptibility for urinary tract infection is influenced by fluid intake in the normal range. Nevertheless, adequate hydration is important in the case of urinary tract infection, and may improve the results of an antimicrobial therapy (Beetz, pp. S52-S58). The results from epidemiological studies that have investigated the relation between fluid intake and risk of bladder and colorectal cancer are inconsistent. Several methodological problems hamper a clear evaluation and ad hoc studies are needed to clarify the issue (Altieri et al, pp. S59-S68). In hypohydration, salivary excretion is reduced. Although there is considerable circumstantial evidence to indicate that a link between dehydration and dental diseases exists, no direct link has been proven (Smith & Shaw, pp. S75-S80).
The basic physiological mechanisms in lungs and airways demonstrate a critical role of water transport and local hydration status of mucus. In broncho-pulmonary diseases, however, analysis of the complex pathophysiological mechanisms is difficult. Except for exercise asthma where inhalation of warm humidified air rapidly ameliorates the clinical picture, no overall consistent benefit of an improved hydration status could be demonstrated. Thus, more research is needed to confirm or refute chronic mild hypohydration as a risk factor of broncho-pulmonary disorders (Kalhoff, pp. S81-S87).
In a few studies, fluid restriction increased constipation. The beneficial effect of an increased fluid intake may perhaps be limited to subjects with dehydration, while fluid overload in euhydrated subjects may not improve stool consistency (Arnaud, pp. S88-S95).
In the Adventist Health Study, high daily intakes of water of five or more glasses compared with low intakes of two or fewer glasses were associated with lower relative risks in fatal coronary heart disease in men and women (Chan et al, 2002) . Studies of the effect of hypohydration on the outcome of strokes are limited. Raised plasma osmolality on admission is associated with apoplectic stroke mortality, after correcting for case mix (Bhalla et al, 2000) . Pre-existing hypohydration favours the development of hyperglycaemia in diabetic ketoacidosis (Burge et al, 2001) . In formula-fed infants, a high protein and sodium intake increases the risk of hypertonic dehydration during incidents of gastroenteritis, due to a constantly low free water reserve (Taitz & Byers, 1972) .
In healthy subjects, an acute or long-term moderately high fluid intake does not cause any harm.
The short half-time of water excretion and the high renal dilution capacity are highly effective mechanisms to protect healthy subjects from hyperhydration. Precaution of a high fluid intake may be indicated in patients with cardiovascular disorders, pronounced chronic renal failure, low serum albumin levels or endocrinopathies (eg inappropriate ADH secretion). Rapid infusion of high amounts of hypotonic solutions in infants with hypertonic dehydration, criminally forced high oral fluid intake or near drowning in toddlers, or uncontrolled high intake of fluids in marathon runners or psychiatric patients may result in acute water intoxication and even in death (Keating et al, 1991; Speedy et al, 1999) .
Further research should particularly be focused on the following topics:
Urine osmolality in 24-h urine samples and free water reserve of homogeneous groups of healthy subjects all over the world should be determined. These data might be useful parameters in epidemiology to investigate the health effects of different states of euhydration and mild states of hypohydration, and to calculate population and life stage-specific adequate intake values. Individual spontaneous drinking behaviour seems to be constant after the age of 5 years. Is this behaviour the result of Pavlovian conditioning or programming in infancy and young childhood? During the daylight hours of Ramadan fasting, practising Muslims are undoubtedly dehydrating, but it is not clear whether they are chronically hypohydrated during the month of Ramadan. No detrimental effects on health have as yet been attributed to negative water balance at the level that may be produced during Ramadan (Leiper, pp. S30-S38).
The adverse long-term outcomes of dehydration in the elderly mandate further research into the pathophysiology and manifestation of mild dehydration in order to facilitate early recognition and prompt intervention. Additionally, the increased susceptibility of older adults to the complications of dehydration provides a sensitive cohort in which the manifestations of subtle degrees of dehydration may be readily observed. Scientists analysing the aetiology of chronic renal failure, diabetic nephropathy, diabetic ketoacidosis, salt-sensitive hypertension, urinary tract infection, dental diseases, broncho-pulmonary disorders, bladder cancer, colon cancer, constipation, stroke, cardiac infarct and difficulties in labour should take into account the hydration status of the patient as a possible further aetiologic factor.
Recommendations
In athletes and patients with urolithiasis, a hydration state where there is a risk of hypohydration should be avoided as, for example, expressed by USATF (Casa, 2003) . Dehydration is an important cause of hospitalisation in the elderly. Prevention of hypohydration in the elderly, is therefore a major challenge for the public health.
In populations, in which 24-h urine samples show a high percentage of subjects in the range of risk of hypohydration, preventive measures to increase the common level of water intake have to be considered.
